ABSTRACT The intrinsic rate of increase (r m ) was estimated for Proprioseiopsis asetus Muma (Acari: Phytoseiidae) on pollen and two prey species at 35ЊC. Cattail, Typha latifolia L., pollen and Frankliniella occidentalis (Pergande) were equally favorable as food and superior to Tetranychus urticae Koch. More females were produced in a shorter time when P. asetus was fed F. occidentalis or pollen; however, survivorship was longer when the predator was fed T. urticae. On an F. occidentalis diet, calculated r m values ranged from 0.2789 to 0.2925. The net reproductive rate was lower on a diet of T. urticae (6.48) than on pollen (9.76) or on F. occidentalis (21.39). The Þnite rate of increase was lower on T. urticae (1.1868) than on pollen (1.3274) or F. occidentalis (1.3398). The mean generation time was similar on the three diets. That the data reported here were collected at 35ЊC makes it remarkable. P. asetus may have great potential as a biological control agent of arthropods, especially thrips under climatic conditions of high temperatures such as in protected culture.
The western ßower thrips, Frankliniella occidentalis (Pergande), is cosmopolitan, and as a vector of virus diseases it is one of the most serious problems facing the ornamental plant and vegetable industries whether growing under protection or in the Þeld (Parrella 1995) . It is highly polyphagous and transmits viruses to 550 species of Ͼ60 families in California alone (Robb and Parrella 1995) . F. occidentalis is extremely difÞcult to eradicate due to its cryptic nature. Its eggs are protected in leaf tissues, adults and larvae are deep within ßowers or new growth, and prepupae and pupae are generally found in soil litter which is not targeted by pesticides. There is a high level of pesticide resistance (Ramakers and Dissevelt 1989 , Houten et al. 1993 , van Rijn et al. 1995 , Robb and Parrella 1995 . It is also unlikely that one natural enemy would attack all life stages occupying diverse niches. A high capacity for population increase contributes to the pest status of F. occidentalis and Thrips tabaci (Lindeman) (Trichilo and Leigh 1988, van Rijn et al. 1995) .
Very little is known about Proprioseiopsis spp. Fouly (1997) studied the effects of prey mites T. urticae, Eutetranychus orientalis (Klein), and Polyphagotarsonemus latus (Banks) and date palm, Phoenix dactylifera L., pollen on the biology of P. asetus maintained at 26ЊC. Emmert (1997) summarized the literature on Proprioseiopsis spp. P. asetus seems to have great potential as a biological control agent of thrips and perhaps other arthropods at higher temperatures such as may occur in greenhouses. There is a critical need for biological control of thrips in greenhouses and other habitats that may reach high temperatures often injurious to arthropods. Spider mites are also common pests in these habitats, and the introduction of a polyphagous predator would be beneÞcial.
Phytoseiid mites of the genus Proprioseiopsis spp. have been found in ground surface litter or on grass (Muma and Denmark 1970) , P. asetus from peach leaves (Ball 1980) , P. dorsatus (Muma) from citrus leaves (Muma 1971) , and P. rotundus (Muma) from a "pineapple" orange grove (Abou-Setta et al. 1997) , all in Florida. The P. asetus studied here was collected by R.F.M. serendipitously in a greenhouse in Monticello, FL, feeding in a T. urticae colony being reared under seminatural conditions. P. asetus also has been collected from unsprayed apple leaves and orange or grapefruit leaves (Chant 1959) , Juniperus sp., and water hyacinth (Denmark and Muma 1978) , low-growing perennial herbs, annual herbs and grasses in Arizona (Tuttle and Muma 1973) , in litter of sand-pine, oak-gum hickory and citrus (Muma 1968) in debris under "Hamlin" orange trees by Fouly et al. (1994) , and in litter in apple orchards in Missouri (Childers and Enns 1975) .
The objective of this study was to determine the mean generation time, net reproductive rate, intrinsic rate of increase, and the Þnite rate of increase for P. asetus. We estimated the intrinsic rate of increase of P. asetus on two target prey and cattail, Typha latifolia L., pollen. In the Þrst experiment, we compared T. urticae versus F. occidentalis as food sources, and we estimated fecundity. In the second experiment, we compared the performance of P. asetus on a diet of cattail pollen and on F. occidentalis.
Materials and Methods
Rearing of P. asetus. The predatory mites collected by R.F.M. as noted above were identiÞed as P. asetus by Dr. Cal Welbourn, Florida State Collection of Arthropods, Gainesville, FL, where the voucher slides are deposited. They were maintained in an environmental chamber at the optimum temperature of 35ЊC following the results of Emmert (1997) and Emmert et al. (2008) and 70% RH on cattail pollen and occasionally on T. urticae. The artiÞcial arena substrate was constructed by dipping a 9-by 9-cm square of black construction paper in hot parafÞn wax (Boyle-Midway, Inc., New York, NY) for 3Ð5 min after which it was placed on screen mesh (mesh size, 6/cm) to provide structures similar to leaf veins for resting sites (Kostiainen and Hoy 1994) .
Primary bean leaves were produced upside down on wet nonsterile hydrophile cotton surrounded by tap water in a plastic tray (13 by 13 by 2.5 cm) kept in a plastic box (two per box) closed by a Þne mesh (posh) fabric lid. Leaf petioles were inserted under wet cotton to induce root growth. ArtiÞcial substrate, leaves, or both were in close contact with the cotton to avoid hides or traps for the mites. The mite species were contained by water in and around the tray in addition to the closed top. Vaseline was applied on the edge of the box when a risk of contamination by other species occurred. Some cotton threads covered by a microscope coverslip were produced on a leaf vein to provide refuge and oviposition sites. Pollen was applied in the arenas every week for maintenance and care was taken to keep it dry. To increase numbers in the colony, it was necessary to regularly collect 200 Ð300 large adult P. asetus females and transfer them to a new tray with fresh bean leaves on cotton to avoid cannibalism and to ensure that the colony did not become contaminated with other species. P. asetus did not develop well when placed in an artiÞcial arena in the absence of leaves.
Mass Rearing of F. occidentalis. F. occidentalis were obtained from a colony maintained in the University of Florida by S. Webb where they were reared on bean pods. F. occidentalis was maintained on cattail pollen on primary bean leaves (cotyledons). The leaves were produced upside down on a wet hydrophilic cotton island within a plastic tray similar to the P. asetus rearing arena. After 4 d or when the old leaf started to turn yellow, a new leaf was added next to it on the cotton pad but without removing it because larvae continued to emerge from decaying tissue. Larvae dispersed and readily colonized the new leaf. Chamber settings were 30ЊC because no eggs hatched at 35ЊC. A tray established with thrips can be kept for more than a month if new leaves are added regularly on top of the decaying leaves, and rooted in the cotton in the artiÞcial arena. Pollen had to be dry and care had to be taken when adjusting the water level. Moldy leaves are tolerated by P. asetus, which thrived between old rotten leaves and waxed paper. It has been collected in various leaf litter samples (Muma and Denmark 1970) .
Prey Consumption and P. asetus Fecundity on T. urticae and F. occidentalis. Leaf disk arenas, F. occidentalis rearing methods, and environmental chamber settings (35ЊC and 70% RH) were similar to previous experiments on adult P. asetus (Emmert 1997) . In brief, transparent vials Ϸ 4 cm in diameter and 10 cm in length were sealed by posh fabric inserted under the rim of the cap from which a disk of 3 cm had been cut out to allow air ßow. Each arena consisted of a 2-cm bean leaf disk supported by synthetic sponge and absorbent cotton. Sponge and cotton were produced in the bottom and saturated with tap water. Male P. asetus were present at all times and were replaced when they escaped or died. T. urticae deutonymphs were given as prey and were collected from infested bean leaves. A synchronized P. asetus egg wave was produced for the determination of the preoviposition period with age of the eggs known Ϯ 3 h and followed every 6 h. From this set of mites, 15 individuals were chosen randomly at 120 h; eight were assigned T. urticae as prey and seven F. occidentalis as prey. All immature P. asetus were reared on pollen. Readings started when the Þrst egg was produced (120 h) when the diet changed from pollen to prey. To compare results with data from other diet experiments started at 168 h, calculations were also done omitting data at 120 and 144 h (Table 1) . A period of transition before oviposition is frequently assumed by many authors, with the Þrst day or two omitted in the results (Rodriguez-Reina et al. 1992 , Houten et al. 1995 , or starvation of the predators is accomplished before the experiments. Statistical functions in Excel version 7.0 (Microsoft, Redmond, WA) were used to compare means to test for equality of variances. A Student t-test was used when the two populations had equal variances and a modiÞed t-test when variances were unequal (Zar 1974) .
Prey Consumption and Fecundity of P. asetus on Pollen and F. occidentalis. Settings and methods were identical to the preceding experiment except for the precision in mite age, the time of Þrst observation, and the diet which consisted of F. occidentalis and cattail pollen. The age of the mites was known Ϯ 6 h, and the Þrst observation was done at 162 h on the thrips diet and 186 h on the pollen diet. The FTEST procedure in Excel version 7.0 was used to compare means with test for equality of variances. A StudentÕs t-test was used to compare means when the two populations had equal variances and a modiÞed t-test when variances were not equal (Zar 1974) . PearsonÕs correlation coefÞ-cients were computed to determine the relationship between prey consumption and fecundity for mites fed exclusively on T. urticae or F. occidentalis by using Proc Corr in SAS (SAS Institute 2002) .
Intrinsic Rate of Increase. The intrinsic rate of increase (r m ) is deÞned as the rate of increase per insect under speciÞc physical conditions, in an unlimited environment where the effects of increasing density do not need to be considered (Birch 1948 ). This means an ample supply of prey, absence of competitors or predators, and a sufÞcient sperm supply. Diet affects r m through developmental time, sex ratio, and oviposition. Many studies have estimated the r m of phytoseiids and their prey. Fouly (1997) ) estimated the r m of P. asetus fed citrus brown mite Eutetranychus orientalis (Klein) and Tetranychus urticae Koch. The intrinsic rate of increase is calculated as follows:
where m x is the age-speciÞc fecundity or mean number of daughters born in an interval to a mother of age x, or in other words, the number of eggs produced in an interval multiplied by the sex ratio; and l x is the fraction of females surviving from age 0 until at least age x. The value of r m that causes the summation term to equal unity characterizes the intrinsic capacity of population increase. Other parameters used to characterize populations are R 0 , the net reproductive rate or rate of multiplication in one generation or ratio of total female births in two successive generations; T, the mean generation time; and , the Þnite rate of increase or number of times the population multiplies in a unit of time, which is also the natural antilogarithm of r (Birch 1948) . The program developed by Abou-Setta et al. (1986) assumes that the preoviposition period is one interval long (24 h). For P. asetus, preoviposition period was determined as Ϯ48 h, and some minor program coding changes were made to use the real age of the mites. The program asks for the development time from egg to adult in number of intervals on line #230 and stores it in the variable developmental time (DT). Later, on line #580 or #660, it starts incrementing by one interval unit for the Þrst observation (x(c)), and instead of the actual age of the mites since produced, the observation produced becomes the egg to adult period in number of intervals ϩ 1 (and minus 0.5 to be mid-interval). DT values were used here, in number of intervals of age at the Þrst observation minus 1, instead of egg to adult developmental time, so that the actual age was used.
Calculations of the intrinsic rate of increase were an estimate of the actual values. Survival of immature stages to the onset of the adult stage was precisely measured and from a large sample of 79 mites on a pollen diet with 75 survivors of 79 eggs ϭ 0.95. This value was used on all diets. The sex ratio was determined for the pollen diet from the same sample of 79 eggs and was equal to 0.69 (0.64 and 0.74). Sex ratio can be altered by the density and unknown age of the mothers (see Sex Ratio).
The sex ratio was also available in the F. occidentalisÐT. urticae diet experiment from the offspring of individual mites of known age on each prey species. On an F. occidentalis diet, it was determined to be 0.71 from the Þrst 153 eggs produced (108 females and 45 males) and on the T. urticae diet as 0.60 (27 females and 18 males). The estimated r m on the F. occidentalis diet was calculated with the data from each experiment (from 120 h with seven mites and from 162 h with 20 mites), and this provided a range for r m . In the F. occidentalisÐpollen experiment, the Þrst reading was done at 162 h on F. occidentalis and 186 h on pollen. Approximately 1 d of egg laying on F. occidentalis and 2 d on pollen were missed. Oviposition was therefore estimated from data available in the F. occidentalisÐT. urticae experiment for which the Þrst 2 d (120 and 144 h) indicated low prey consumption, perhaps inßuenced by the preceding diet. For the same reason, life table parameters also were estimated in the F. occidentalisÐT. urticae experiment without counting these 2 d.
Results
Prey Consumption and Fecundity of P. asetus on T. urticae and F. occidentalis. Three mites of 15 had oviposited at 120 h when F. occidentalis or T. urticae were provided, and all P. asetus had at least one egg at 144 h (Fig. 1) (Fig. 1) . The total numbers of eggs produced on each diet were signiÞcantly different (t 13 ϭ 4.65, P Ͻ 0.001), and the mean number of oviposition days was different (t 12 ϭ 2.19, P Ͻ 0.05). At its highest oviposition rate on the F. occidentalis diet, P. asetus oviposited 4.29 Ϯ 0.36 eggs per d compared with 3.75 Ϯ 0.67 eggs per d on the T. urticae diet (Table 1 ; Fig. 2 ) (not signiÞcantly different, t 13 ϭ 0.72, P Ͼ 0.05). This peak occurred earlier on T. urticae (144 h instead of 216 h when fed F. occidentalis). Longevity of P. asetus was signiÞcantly higher (t 13 ϭ 5.68, P Ͻ 0.001) on the T. urticae diet (699 Ϯ 18.39 h) compared with an F. occidentalis diet (414.86 Ϯ 39.44 h) ( Table  2) . Mortality was higher on the F. occidentalis diet than in other experiments on the same diet ( Table 2 ). The postoviposition period was much longer when the predator was fed T. urticae (9.13 Ϯ 1.46 d) than it was on the F. occidentalis diet (1.57 Ϯ 0.57 d). The sex ratio of the offspring was more female biased on the F. occidentalis diet (108 females and 45 males; ratio 71%) compared with the T. urticae diet (27 females for 18 males; ratio 60%). A positive correlation (PearsonÕs correlation coefÞcient ϭ 0.812, P Ͻ 0.0001) between rates of feeding and oviposition was observed for P. asetus on thrips but not T. urticae (PearsonÕs correlation coefÞcient ϭ 0.06, P ϭ 0.8252) (Fig. 1) . The daily mean number of Þrst-instar thrips larvae killed by P. asetus in the present experiment was between 5.10 and 5.67 during the oviposition period, depending upon whether the Þrst days are included, and 0.54 during the postoviposition period.
Prey Consumption and Fecundity of P. asetus on Pollen and F. occidentalis. P. asetus oviposited 33.20 Ϯ 3.10 eggs (Fig. 3) during its entire oviposition period, which lasted 11.55 Ϯ 1.11 d (Table 1 ) when fed F. occidentalis. On the pollen diet, it produced 30.15 Ϯ 3.10 eggs (Fig. 3) during 9 .60 Ϯ 1.23 d (Table 1) . Recording of data on the pollen diet started a day later and production is therefore underestimated. The mean total egg production starting at 186 h for both groups (30.2 eggs on pollen and 33.2 on F. occidentalis) was not signiÞcantly different (t 38 ϭ 0.69, P Ͼ 0.05). P. asetus at its peak oviposition on the F. occidentalis diet, produced 3.85 Ϯ 0.46 eggs per d with a maximum of six eggs per d, and on the pollen diet it produced 5.35 Ϯ 0.38 eggs per d with a maximum of eight eggs per d (Table 1) . These means were signiÞcant different (t 38 ϭ 2.52, P Ͻ 0.02). Peaks occurred at the same time on both diets at 210 h ( Intrinsic Rate of Increase. Calculated r m ranged from 0.2789 (n ϭ 20) to 0.2925 (n ϭ 7) on a F. occidentalis diet, by using data from 162 or 168 h (Table 3) . Both these results missed approximately a day of oviposition. On a T. urticae diet, counting days from 168 h (therefore, an underestimate), r m was 0.1713 (n ϭ 8). When all data were added (ϭ120 h), r m was 0.2425, but it may have been inßuenced by diet change (Table 3) . On the pollen diet, r m was 0.2832 counting oviposition from 186 h, which underestimates its value by at least 2 d of oviposition.
The net reproductive rate of P. asetus on T. urticae was Ͻ50% of that on the two other diets. Starting at 168 h, it was 21.39 on F. occidentalis (22.39 starting at 162 h) and 6.48 on T. urticae (three-fold less) and 19.76 on pollen starting at 186 h (underestimation). The Þnite rate of increase was lower on T. urticae (1.1868 starting at 168 h) than on F. occidentalis (1.3398 starting at 168 h and 1.3217 starting at 162 h), and the highest was on pollen (1.3274 starting at 186 h and underestimated). The mean generation time was similar on the three diets (10.47 starting at 168 h and 11.15 starting at 168 h when fed F. occidentalis; 10.91 starting at 168 h when fed T. urticae and 10.53 starting at 186 h when fed pollen (overestimated).
Discussion
Prey Consumption and Fecundity of P. asetus on T. urticae and F. occidentalis. Several factors indicate that T. urticae is inferior as a diet for P. asetus. Cumulative mean oviposition and the number of prey killed were higher for the F. occidentalis diet compared with a diet of T. urticae. Total oviposition was less than half on a diet of T. urticae compared with F. occidentalis. The oviposition level following the peak observed at 144 h was 3 times lower on T. urticae than on F. occidentalis diet. The sex ratio was more male biased on T. urticae than on F. occidentalis, resulting in less progeny in the next generation. However, P. asetus had greater longevity, a longer postoviposition period and lower mortality (all were still alive after 648 h) on T. urticae. The postoviposition period when P. asetus was fed T. urticae despite the presence of a male was similar to those in the multiple mating experiment. High mortality was observed on P. asetus fed F. occidentalis in this experiment, but only after they reached a total egg production of 34.3 eggs per mite. This occurred in about the same mean number of ovipositing days for the two experiments where the diet was F. occidentalis Postoviposition and longevity parameters for P. asetus on a diet of F. occidentalis, T. latifolia pollen, and males were present (Table 1) , which indicates a similar rate of oviposition.
The relationship between rates of feeding and oviposition observed for P. asetus on both mite prey species also was observed for Typhlodromus rickeri Chant on T. urticae by McMurtry and Scriven (1964) , but not for Amblyseius barkeri (Hughes) feeding on T. tabaci, which had an almost constant rate of predation (Bonde 1989) . The number of thrips killed per day during oviposition with the small sample size was in agreement with previously reported values (Begliarov and Suchalkin 1983 , Bonde 1989 , Cloutier and Johnson 1993 . In the current study, P. asetus always produced more than three eggs per d in all experiments on pollen and F. occidentalis but not on T. urticae. McMurtry and Rodriguez (1987) reported only two phytoseiid species with a daily oviposition above three eggs per d. They reported that for Euseius rubini (Swirski & Amitai) the best diet was a combination of almond pollen and T. cinnabarinus (Boisduval), with 3.5 eggs per d, higher than on each diet separately. Similarly, Neoseiulus fallacis (Garman) produced 3.25 eggs per d feeding on T. urticae at 27ЊC. Tanigoshi (1982) listed only a few predators reaching three eggs per d. Typhlodromus longipilis Nesbitt at 26ЊC produced 3.10 eggs per d fed T. urticae, and one mite, T. floridanus (Muma) fed O. punicae (Hirst) had a very high mean oviposition of 4.35 eggs per d but at a temperature range of 22Ð26ЊC.
Intrinsic Rate of Increase r m . Life history parameters were more favorable for P. asetus on a F. occidentalis or a pollen diet compared with a T. urticae diet. This is reßected most in the net reproductive rate which was three times lower on T. urticae compared with F. occidentalis (Table 3) . Fouly (1997) reported a greater mean generation time T and an equal or greater net reproductive rate R 0 for P. asetus at 26ЊC on four different food sources. He also found an r m value of 0.18Ð0.28 and a Þnite rate of increase of 1.19Ð1.33, which are within the range reported in the current study at 35ЊC on diets of F. occidentalis or pollen.
To calculate r m , numerous studies have used a mean sex ratio for the Þrst 100 eggs produced or Þrst 10 d of oviposition or less Childers 1989, Caceres and Childers 1991) . Houten et al. (1995) used only the data of prey consumption and egg production of the second and third day with females ovipositing for 2Ð 4 d (at 25ЊC). They used these data to compare seven possible thrips predators fed pollen or F. occidentalis. They claimed that predation and oviposition rates should be at their optimum and highly correlated to a phytoseiidÕs intrinsic rate of increase (Houten et al. 1995) . The Þrst day of oviposition is frequently omitted due to change in diet (Rodriguez-Reina et al. 1992 , Houten et al. 1995 , and the remaining data are used to calculate the intrinsic rate of increase. It is, however, the eggs produced early in life that have more weight in the calculation of r m (Birch 1948) . The sex ratio of the Þrst day of oviposition is frequently biased toward males, probably to ensure mating of dispersing females.
Amblyseius victoriensis (Womersley) (James and Taylor 1992) and P. rotundus (Abou-Setta et al. 1997) were studied at 35 and 33ЊC; both originate from warm regions and both have higher r m and total fecundity than P. asetus. The developmental optimum for Amblyseius californicus McGregor was at 33ЊC when fed T. urticae; it developed slightly more slowly than P. asetus at 33ЊC but not at 29ЊC. Its optimum r m and T were also at 33ЊC, whereas the oviposition was lower than at 29ЊC (Castagnoli and Liguori 1991) . P. asetus is superior to these phytoseiids at high temperature on the pollen or the thrips diet. P. longipes Evans, which was superior in all parameters, is however specialized on Tetranychus spp. and could not be used to control thrips. A. californicus, however, has been shown to feed on thrips. In a 5-d experiment at 20ЊC and 65Ð75% RH, it had an oviposition rate one half that of A. barkeri, a common thrips predator (Rodriguez-Reina et al. 1992 ), but it has not been tested at high temperature on a thrips diet. Optimum temperature for the egg and Þrst instar larval stage of F. occidentalis collected in the Netherlands was determined as 30.5ЊC (van Rijn et al. 1995) . Development slowed at 32.5ЊC, and eggs did not hatch at 35ЊC. Strains present in Florida have similar rates (in a thrips rearing experiment no larvae were obtained at 35ЊC either; data not shown), suggesting that the predatorÐprey ratio experiment conducted at 30ЊC was more favorable for F. occidentalis than P. asetus, which had its optimum at 35ЊC. The optimum temperature reported for T. urticae is 35ЊC and predators frequently have much lower temperature optima (Sabelis 1985b, James and Taylor 1992) .
No data are available in the literature, to our knowledge, on oviposition or intrinsic rate of increase of predatory mites feeding on thrips at high (Ͼ29ЊC) temperatures. The high reproductive rate observed here for P. asetus on a F. occidentalis diet makes it a good candidate for biological control, under hot climatic and greenhouse conditions. The high oviposition rate and female biased sex ratio observed for P. asetus on a pollen diet would enable mass rearing without the need for live prey as food.
In conclusion, our results on P. asetus development at 35ЊC are unusual. No data are available for thrips predators at high temperatures (Ն29ЊC). The only phytoseiid that had a high intrinsic rate of increase at such high temperatures was P. longipes, which is a specialized predator of mites. Thus, P. asetus is a uniquely promising biocontrol agent of F. occidentalis at high temperatures.
T. urticae was judged to be the least favorable diet tested based on the lower fecundity of P. asetus. This prey should be studied as a food source for immature P. asetus, and this may further reduce the intrinsic rate of increase. F. occidentalis was very favorable as prey and P. asetus populations also were sustained on cattail pollen. A mixed diet of pollen and thrips could have unexpected results because both prey and predator feed on pollen.
